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Xu D, Ryan KL, Rickards CA, Zhang G, Convertino VA,
Mukkamala R. Improved pulse transit time estimation by system
identification analysis of proximal and distal arterial waveforms. Am
J Physiol Heart Circ Physiol 301: H1389–H1395, 2011. First pub-
lished July 29, 2011; doi:10.1152/ajpheart.00443.2011.—We investi-
gated the system identification approach for potentially improved
estimation of pulse transit time (PTT), a popular arterial stiffness
marker. In this approach, proximal and distal arterial waveforms are
measured and respectively regarded as the input and output of a
system. Next, the system impulse response is identified from all
samples of the measured input and output. Finally, the time delay of
the impulse response is detected as the PTT estimate. Unlike conven-
tional foot-to-foot detection techniques, this approach is designed to
provide an artifact robust estimate of the true PTT in the absence of
wave reflection. The approach is also applicable to arbitrary types of
arterial waveforms. We specifically applied a parametric system
identification technique to noninvasive impedance cardiography
(ICG) and peripheral arterial blood pressure waveforms from 15
humans subjected to lower-body negative pressure. We assessed the
technique through the correlation coefficient (r) between its 1/PTT
estimates and measured diastolic pressure (DP) per subject and the
root mean squared error (RMSE) of the DP predicted from these
estimates and measured DP. The technique achieved average r and
RMSE values of 0.81 � 0.16 and 4.3 � 1.3 mmHg. For comparison,
the corresponding values were 0.59 � 0.37 (P � 0.05) and 5.9 � 2.5
(P � 0.01) mmHg for the conventional technique applied to the same
waveforms and 0.28 � 0.40 (P � 0.001) and 7.2 � 1.8 (P � 0.001)
mmHg for the conventional technique with the ECG waveform
substituted for the ICG waveform. These results demonstrate, perhaps
for the first time, that the system identification approach can indeed
improve PTT estimation.

arterial blood pressure; arterial stiffness; foot-to-foot detection; im-
pulse response; pulse wave velocity

ACCORDING TO THE MOENS-KORTEWEG equation, pulse wave ve-
locity (PWV) increases as the arteries stiffen. Indeed, PWV is
the most popular index of arterial stiffness because of the ease
of its measurement and its proven independent value in pre-
dicting cardiovascular events and mortality in hypertensive
patients (2, 4, 12, 14). In addition, because arterial stiffness
increases with arterial blood pressure (ABP), PWV and ABP
often show positive correlation, suggesting that PWV could
provide a means to achieve continuous, noninvasive, and
cuffless ABP monitoring (18).

Conventionally, PWV is determined from the distance and
pulse transit time (PTT) between proximal and distal arterial

sites (5). PTT is, in turn, estimated by acquiring arterial
waveforms from the two sites and then detecting the foot-to-
foot time delay between the waveforms. The premise is that the
foot of the proximal waveform represents a time before the
return of the reflected wave to its measurement site. However,
wave reflection may not always be negligible at the proximal
waveform foot. Just as important, it is often difficult to detect
the waveform feet reliably because of motion and other artifact
(16). Thus, the foot-to-foot detection technique can yield in-
accurate PTT estimates. Compounding matters, ABP changes
perturb PWV relatively little (18). Thus, typical plots of ABP
vs. PWV show significant vertical scatter about the line of best
fit (18). This scatter limits the ability of PWV to track ABP.

Several investigators have aimed to improve PTT estimation
by more sophisticated analysis of proximal and distal arterial
waveforms. Sola et al. (21) applied parametric modeling to the
systolic upstrokes of the waveforms to identify their feet more
reliably. Pruett et al. (18) computed an average of multiple time
delays taken from the early systolic samples of two ABP
waveforms to establish PTT estimates that were able to reduce
the scatter in ABP vs. PWV plots. While their idea of mitigat-
ing PTT error by using more than one pair of samples of the
waveforms is interesting, wave reflection becomes a greater
factor as the cardiac cycle progresses. This technique is also
restricted to ABP and flow waveforms. Latson et al. applied
nonparametric system identification to estimate the impulse
response (time domain version of the transfer function) relating
a proximal ABP waveform (input) to a distal ABP waveform
(output) and then estimated PTT as its time delay (11). Their
intriguing idea was that, since the impulse response represents
the distal ABP response to a very narrow pulse applied to
proximal ABP at time 0, this PTT estimate should not be
corrupted by wave reflection. However, neither Latson et al.
nor an ensuing group who reproduced their technique (17)
showed that it actually improved PTT estimation. Furthermore,
this approach is applicable to arbitrary arterial waveforms
(rather than being limited to ABP waveforms) and should
afford great robustness to artifact, since PTT is determined
from all pairs of waveform samples. However, these latter
ideas may have not been noted until now.

We investigated the system identification approach for PTT
estimation. We specifically applied a robust parametric system
identification technique to an impedance cardiography (ICG)
waveform (the proximal input) and a noninvasive peripheral
ABP waveform (the distal output) recorded from humans
subjected to progressive reductions in central blood volume
using a lower-body negative pressure (LBNP) protocol.
Because it is difficult to independently measure the true PTT
in the absence of wave reflection, we assessed the technique
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in terms of the ability of its (proportional) PWV estimates to
track ABP changes. Our results show that the technique
greatly reduced the scatter in ABP vs. PWV plots compared
with conventional foot-to-foot detection techniques. A pre-
liminary version of this study has been reported in abbre-
viated form (23).

MATERIALS AND METHODS

Physiological data. Existing, deidentified physiological data from
humans subjected to a LBNP protocol were analyzed. The data
collection procedures were approved by the Institutional Review
Board of the Brooke Army Medical Center (Fort Sam Houston, TX)
and are described in detail in several recent publications (7, 20).

Briefly, fit and typically young subjects that showed no signs of
cardiovascular abnormalities (e.g., hypertension, hypotension, auto-
nomic nervous dysfunction) and were not pregnant or taking any
medications known to alter autonomic nervous function were studied.
The subjects were instrumented for measurement of various physio-
logical data, including noninvasive stroke volume estimates via ICG,
a noninvasive peripheral ABP waveform via finger-cuff photoplethys-
mography, and an ECG waveform. Subjects were positioned supine in
a LBNP chamber. The data were then recorded at a sampling rate of
500 Hz during 1) a 5-min baseline period; 2) 5-min chamber decom-
pression at �15, �30, �45, and �60 mmHg each; 3) additional
increments of �10 mmHg for 5 min until the onset of hemodynamic
decompensation [as indicated by presyncopal symptoms, sudden fall
in ABP or heart rate (HR), systolic pressure (SP) �80 mmHg, or at
the subject’s request]; and 4) a 10-min recovery period.

For this study, 15-s steady segments of data during the baseline
period, each distinct LBNP period, and the recovery period were
extracted. Because PWV estimates would be assessed in terms of their
ability to track ABP changes, appreciable changes in ABP within a
subject were needed for the assessment to be challenging and useful.
Thus, data from subjects with more modest diastolic pressure (DP)
changes (maximum average DP over the periods minus the minimum
average DP over the periods �20 mmHg) were excluded. Data from
15 of 66 available subjects (nine males and six females; age 31 � 8
yr; height 173 � 12 cm; weight 76 � 15 kg) remained for analysis.

PTT estimation. PTT was estimated by applying conventional
foot-to-foot detection techniques to the simultaneous pairs of the 15-s
segments of the differentiated ICG waveform (a proximal arterial
waveform that is specifically related to thoracic flow) or the ECG
waveform (a commonly proposed surrogate for the proximal arterial
waveform) and the peripheral ABP waveform (a distal arterial wave-
form). PTT was then estimated by applying a parametric system
identification technique to the same pairs of ICG and peripheral ABP
waveform segments.

Conventional foot-to-foot detection techniques. Figure 1 shows the
conventional foot-to-foot detection techniques. First, the waveform
feet were detected as the R waves for the ECG waveform, the standard
B points for the ICG waveform (i.e., the time of zero derivative before
the peak) (22), and the minima for the peripheral ABP waveform (i.e.,
DP). These foot detection techniques yielded the best results among a
set of conventional techniques (6) and are thus referred to as opti-
mized henceforth. Next, the time delays between each R wave and
subsequent DP (Td1) and between each B point and ensuing DP (Td2)
were determined. Finally, the time delays were averaged over the 15-s
waveform segments to reduce noise in the PTT estimates.

Parametric system identification technique. Figure 2 shows the
parametric system identification technique. The differentiated ICG
waveform was considered to be the input [x(t)] to a system while the
peripheral ABP waveform [y(t)] was regarded as the resulting output.
The system was identified by finding its impulse response [h(t)],
which when convolved with x(t), optimally fitted y(t). The time delay
of h(t) (Td3) was then detected as the estimate of PTT. This estimate
may be viewed as the time delay for a very narrow pulse of thoracic

flow to reach the peripheral ABP measurement site or the time delay
between the entire ICG and peripheral ABP waveforms after equal-
izing their shapes. Mathematical details are provided immediately
below.

The impulse response h(t) was estimated as per the following
autoregressive exogenous input structure:

y(t) � �
k�1

n

aky(t � k) � �
k�0

m

bkx(t � k) � e(t),

where ak and bk are sets of unknown parameters that define h(t), n and
m denote the number of parameters in the sets, and e(t) is the
unmeasured residual error (13). The term n had little effect on the
results and was arbitrarily fixed to five, whereas the term m should
scale with PTT and was simply set to Td2 times the sampling rate. The
parameters were then estimated from the 15-s segments of x(t) and
zero-mean y(t) by linear least-squares minimization of e(t) (13). The
time delay Td3 was thereafter determined as the time of the maximal
second derivative of h(t) between its first zero-crossover with positive
derivative and its peak. This time, which denotes when the slope of
h(t) is changing most during its rise to the peak, provided a good
marker of the foot location of h(t) (6). [Determining Td3 as the first
zero-crossover with positive derivative, which indicates when h(t) first
becomes positive as it rises to the peak, yielded similar results.]

PTT assessment and comparison. The PTT estimates of each
technique were assessed based on their ability to track the average DP
of the analyzed peripheral ABP waveform segments in each subject.
Figure 3 shows the PTT assessment procedure. First, since PWV
generally shows better linear correlation to DP than PTT, the recip-
rocals of the PTT estimates were first taken to arrive at proportional
PWV estimates per subject. (Note that the proportionality constant,
which represents the distance between the proximal and distal arterial
sites, was not needed here.) Next, two quantitative metrics were
computed. One metric was the standard correlation coefficient (r)
between the proportional PWV estimates and measured DP. The other
metric was the root mean squared error (RMSE) between the DP
predicted by mapping the proportional PWV estimates through the

Fig. 1. Optimized conventional foot-to-foot detection techniques for estimating
pulse transit time (PTT) from either an ECG or impedance cardiography (ICG)
waveform (a proximal waveform) and a simultaneous noninvasive peripheral
arterial blood pressure (ABP) waveform (a distal waveform) [the time delays
between each R wave and subsequent DP (Td1) and between each B point and
ensuing DP (Td2)].
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line of best fit established from the correlation analysis and the
measured DP.

The PTT estimates of the techniques were then statistically com-
pared. Straightforward one-way repeated-measures ANOVA was spe-
cifically employed to compare the subject average r values and
log-transformed RMSE values of the three techniques. Because both
of these tests revealed P � 0.05, multiple pairwise comparisons
between all techniques were then performed using the Student-
Newman-Keuls post hoc test.

RESULTS

Figure 4 shows sample plots of measured DP vs. the pro-
portional PWV estimated by each technique from subjects 15
and 12. In subject 15, the parametric system identification
technique noticeably reduced the scatter about the line of best
fit compared with the conventional foot-to-foot detection tech-
niques, especially with the ECG waveform substituted for the
ICG waveform. In subject 12, the conventional techniques
produced proportional PWV estimates that showed nonphysi-
ological, negative correlation with DP, whereas the system
identification technique yielded estimates that revealed the
expected positive correlation.

Figure 5 shows plots of the DP predicted by each technique
vs. measured DP from all 15 subjects and the corresponding
overall RMSE values (i.e., the root mean square of the errors
pooled together from all of the subjects). The system identifi-
cation technique showed better predictions than both of the
conventional techniques.

Table 1 shows the DP range and r and RMSE values of each
technique per subject. The average r and RMSE values of the
system identification technique were 0.81 � 0.16 and 4.3 � 1.3
mmHg. For comparison, the corresponding values were 0.59 �
0.37 (P � 0.05) and 5.9 � 2.5 (P � 0.01) mmHg for the
conventional technique applied to the same waveforms and
0.28 � 0.40 (P � 0.001) and 7.2 � 1.8 (P � 0.001) mmHg for
the conventional technique with the ECG waveform substituted
for the ICG waveform. [Although not indicated in Table 1, the
r and RMSE values of the two conventional techniques were
also statistically different (P � 0.05).] Furthermore, of the 15
r values corresponding to each subject, only 3 were �0.80 for
the system identification technique compared with 8 and 15 for
the conventional techniques.

DISCUSSION

In summary, PWV is a useful marker of arterial stiffness and
may permit continuous, noninvasive, and cuffless ABP moni-
toring. Conventionally, PWV is determined as the ratio of the
distance and PTT between proximal and distal arterial sites.
PTT is, in turn, estimated by detecting the foot-to-foot time
delay between waveforms measured at the two arterial sites of
interest. However, this technique can provide inaccurate PTT
estimates because of wave reflection interference and wave-

Fig. 2. Parametric system identification technique for
estimating PTT from simultaneous ICG and noninva-
sive peripheral ABP waveforms. First, the former wave-
form is regarded as an input [x(t)] to a system while the
latter waveform is considered to be the resulting output
[y(t)]. Next, the system is identified by finding a para-
metric impulse response [h(t)] (see equation in MATERIALS

AND METHODS) that, when convolved with x(t), opti-
mally fits y(t). Finally, the time delay (Td3) of h(t) is
detected as the time of its maximal second derivative so
as to yield as an estimate of PTT.

Fig. 3. Procedure for evaluating the PTT estimates of the techniques in terms
of their ability to track diastolic pressure (DP) within a subject. Note that
1/PTT here is simply proportional to pulse wave velocity (PWV). RMSE is the
root mean squared error.
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form artifact. The system identification approach for estimating
PTT potentially provides a means to overcome both of these
limitations while being applicable to arbitrary types of arterial
waveforms. We applied a parametric system identification
technique to noninvasive ICG and peripheral (finger) ABP
waveforms measured from healthy humans during progressive
LBNP. The resulting PTT estimates correlated with ABP much
better than those of optimized conventional techniques. To our
knowledge, these results are the first to demonstrate that the
system identification approach can indeed improve PTT esti-
mation.

System identification approach for PTT estimation. The
system identification approach for PTT estimation is employed
as follows. First, proximal and distal arterial waveforms are
measured and respectively regarded as the input and output of
a system. Next, the system impulse response is identified from
the measured input and output. Finally, the time delay of the

impulse response is detected as an estimate of PTT. This
approach is similar in concept to previous techniques for
estimating PTT that have experimentally eliminated the re-
flected wave by applying a transient perturbation to a proximal
arterial site and then measuring the time delay for the response
to occur at a distal arterial site (1, 10). However, the obvious
advantage of the system identification approach is that no
experimental perturbation is needed.

The system identification approach should also afford sig-
nificant advantages over conventional foot-to-foot detection
techniques and other previous techniques for estimating PTT
without a perturbation. First, this approach effectively deter-
mines PTT from all pairs of samples of the waveforms, rather
than just one pair or a few pairs, by mathematically eliminating
the reflected wave or, more generally, equalizing the waveform
shapes. In this way, the approach should be robust to waveform
artifact while revealing the true PTT in the absence of wave

Fig. 4. Plots of measured DP vs. the propor-
tional PWV estimated by each technique
from subjects 15 and 12.

Fig. 5. Plots of the DP predicted from the
proportional PWV estimates of each tech-
nique vs. measured DP from all 15 subjects.
The RMSE values represent the root mean
square of the errors pooled together from all
of the subjects instead of the average of the
RMSE values over the subjects (as shown in
Table 1).
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reflection. The approach is therefore intended to improve the
accuracy of PTT estimation rather than to make the PTT
measurement process more convenient as others have proposed
via an ECG or otherwise (19). Second, the system identifica-
tion approach is applicable to arbitrary types of arterial wave-
forms, including those indicative of ABP, flow, and volume,
instead of being restricted to certain types of waveforms (18).
For example, the waveforms could be acquired with tonometry,
ultrasound, ballistocardiography (proximal only), electrical im-
pedance, pulse oximetry, and even noncontact laser Doppler
vibrometry (8). The disadvantage of the approach is that it may
not be able to estimate PTT on a beat-to-beat basis, since
longer waveform segments are typically needed to reliably
identify the impulse response.

Evaluation approach and limitations. Ideally, we would
have evaluated the parametric system identification technique
against reference measurements of PTT. However, these mea-
surements are not simple to make. We therefore evaluated the
technique in terms of the ability of its proportional PWV
estimates to track changes in ABP induced by progressive
LBNP. Note that the approach of evaluating PWV estimates in
terms of their ability to track ABP changes is not new and
originates from many studies that have shown a tight, acute
relationship between PWV and ABP (9, 18).

However, we acknowledge that ABP was likely not the only
significant determinant of the true PWV in this study. Indeed,
vasomotor tone changes (e.g., vasoconstriction occurred during
LBNP as a compensatory response), which may have altered
PWV without appreciably influencing ABP, constitute the
major study limitation. If PWV were estimated through the
aorta, which is relatively sparse in smooth muscle (15), rather
than to a finger, such changes may have been less of a factor.
On the other hand, HR and cardiac output were probably not
significant determinants of PWV in this study for the following
reasons. First, PWV in large arteries is essentially constant
across frequencies because of negligible viscous effects (16).
Thus, since we investigated PWV through largely nonviscous
arteries, PWV here should have been mostly independent of

HR. Second, PWV characterizes the properties of the arteries
only. Therefore, cardiac output could have only impacted PWV
via alterations in ABP.

Although the relationship between ABP and PWV generally
follows an exponential (18), it could be well approximated here
as linear because of the relatively narrow ABP range elicited
by the LBNP. Thus, we quantitatively evaluated the ability of
the technique to track ABP changes in terms of the linear
correlation between its PWV estimates and ABP.

Tracking DP. In 15 subjects, DP was perturbed appreciably
(�20 mmHg) by the LBNP. In these subjects, the parametric
system identification technique achieved an average r value
between its proportional PWV estimates and measured DP of
0.81 � 0.16 and an average RMSE value between the DP
predicted from these estimates and measured DP of 4.3 � 1.3
mmHg. These averages were �30% better than those of an
optimized version of the conventional foot-to-foot detection
technique applied to the same waveforms. Furthermore, in two
subjects, the system identification technique was able to pro-
foundly “correct” the PWV estimates of the conventional
technique to show appropriate positive, rather than negative,
correlation with DP.

We also assessed the conventional foot-to-foot detection
technique with the ECG waveform substituted for the ICG
waveform. This commonly proposed technique actually es-
timates the sum of PTT and the preejection period (PEP).
Because PEP generally changed in the opposite direction of
PTT with progressive LBNP (results not shown), the tech-
nique performed poorly in tracking DP. Note that the RMSE
values of this technique should be interpreted with caution.
For example, in subject 9, the technique showed a strong,
nonphysiological negative correlation between its PWV
estimates and DP and consequently a small RMSE value.

Tracking other ABP parameters. The proportional PWV
estimates of the parametric system identification technique
may correlate best with mean ABP, as they arise from all
waveform samples. However, because LBNP perturbed DP
much more than mean ABP, we focused on DP tracking.

Table 1. Results of each pulse transit time estimation technique per subject

Subject No. DP Range, mmHg

System Identification (ICG-
Peripheral ABP) (PTT � Td3)

Conventional Detection (ICG-
Peripheral ABP) (PTT � Td2)

Conventional Detection (ECG-
Peripheral ABP) (PTT � Td1)

r RMSE, mmHg r RMSE, mmHg r RMSE, mmHg

1 75–101 0.55 6.8 0.39 7.5 0.33 7.7
2 97–121 0.96 2.7 0.91 3.8 0.53 7.8
3 71–99 0.85 4.2 0.86 4.2 0.63 6.3
4 95–116 0.85 4.0 0.88 3.6 0.46 6.8
5 88–130 0.95 4.8 0.66 11.8 0.76 10.1
6 64–86 0.92 2.4 0.86 3.1 0.47 5.3
7 69–100 0.84 5.9 0.18 10.8 0.20 10.7
8 54–75 0.83 3.6 0.81 3.8 0.36 6.1
9 64–85 0.38 6.5 0.61 5.6 �0.89 3.2

10 65–91 0.85 4.5 0.85 4.5 0.29 8.2
11 72–95 0.91 3.3 0.71 5.4 0.35 7.2
12 65–86 0.63 5.0 �0.15 6.4 �0.13 6.4
13 50–71 0.82 3.9 �0.23 6.6 �0.12 6.8
14 62–83 0.91 3.4 0.69 5.9 0.49 7.1
15 62–89 0.92 3.7 0.81 5.5 0.39 8.6

Average 70–95 0.81 � 0.16 4.3 � 1.3 0.59 � 0.37‡ 5.9 � 2.5† 0.28 � 0.40* 7.2 � 1.8*

Average quantities are presented as means � SD. DP, diastolic pressure; ICG, impedance cardiography; ABP, arterial blood pressure; r, correlation coefficient
between 1/PTT estimates and DP; RMSE, root mean squared error between DP predicted from 1/PTT estimates and measured DP. Level of statistical significance
vs. system identification: *P � 0.001, †P � 0.01, and ‡P � 0.05. See the legend for Fig. 1 for remaining abbreviations.
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Note that the PWV estimates of the conventional techniques
are designed to track DP by virtue of being derived from the
waveform feet. Nevertheless, the PWV estimates of the
system identification technique were able to follow DP
better than those of the conventional techniques. The likely
reason is that DP correlated well with mean ABP here,
which is generally the case. On the other hand, SP can show
less correlation to DP and mean ABP. Indeed, for those
subjects whose SP changed by �20 mmHg (n � 12), none
of techniques yielded proportional PWV estimates that were
able to track SP (average r and RMSE values ranged from
0.11 � 0.50 to 0.29 � 0.45 and from 8.6 � 3.6 to 9.0 � 4.3
mmHg; P � not significant). These results are not an
indictment against the system identification technique or the
conventional technique applied to the same waveforms,
since their PWV estimates correlated significantly better
with DP. However, because the PWV estimates of the
conventional technique applied to the ECG waveforms
showed poor tracking of all ABP parameters, we conclude
that it is not suitable during progressive central hypovole-
mia.

Reproducibility. In addition to accuracy, reproducibility
across time in the same subjects would be another necessary
attribute for the parametric system identification technique. In
subjects 1 and 4, repeated measurements were available on a
second day. We therefore conducted preliminary reproducibil-
ity testing of the technique. The overall RMSE of the PTT
estimates on the second day relative to the first day was just
4.9%. Thus, the technique was highly reproducible. Further-
more, the first and second day r values between the propor-
tional PWV estimates and measured DP were 0.55 and 0.51 in
one of the subjects and 0.85 and 0.80 in the other subject. Thus,
the evaluation results of the technique were also reproducible.
For the conventional techniques, the corresponding reproduc-
ibility results were generally not as strong. For example, the
overall RMSE values of their PTT estimates between the two
days were �13% each.

Future directions and potential clinical applications. Fur-
ther investigation of the system identification approach for PTT
estimation is warranted. First and foremost, testing of the
approach in patients recommended for PWV monitoring (e.g.,
elderly, hypertensives) is a must. Thorough reproducibility
testing also remains to be performed. In addition, refinements
to the specific technique described herein via other system
identification and time-delay estimation techniques (3) are also
needed to reduce or even eliminate instances of poor perfor-
mance (i.e., subject 9).

With successful future efforts, the system identification
approach for PTT estimation may be employed for improved
arterial stiffness monitoring in hypertension patients. For
example, consistent with common practice (14), this ap-
proach could be applied to noninvasive carotid and femoral
ABP waveforms obtained with tonometry in these patients
for more accurate PWV estimation and thus potentially
superior prognostic information (although nontrivial PWV
error may still be present because of transit distance mea-
surement inaccuracy). The approach could also be applied to
arterial waveforms acquired with simple sensors (e.g., ca-
rotid artery and toe pulse oximeters) for potentially accu-
rate, continuous, noninvasive, and cuffless ABP monitoring.
However, other problems, including convenient construc-

tion of patient-specific calibration curves relating DP and
mean ABP to PWV as well as SP estimation, must be solved
before it could be used for such convenient ABP monitor-
ing.
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